Reaction of the doubly deprotonated pyridine 2,6-dicarboxamido ligand (1) with (PCy 3 ) 2 Cl 2 Ru=CHPh (3a) in THF gave a mixture of (lig)(PCy 3 )Ru=CHPh isomers (4). The pentane soluble N,N,O-4 isomer was isolated by extraction and characterized by X-ray diffraction. The O,N, O-4 isomer was identified in the residue. Single crystals of the closely related complex (lig)(NHC) Ru=CHPh, O,N,O-5, were obtained from the reaction of 1 with (NHC)(PCy 3 )Cl 2 Ru=CHPh (3b) and used for the X-ray crystal structure analysis of the system.
Introduction
Ruthenium-based carbene complexes have found numerous applications in e. g. organic synthesis, polymer chemistry, and organometallic chemistry [1] . Sometimes, pyridine-based auxiliary ligands have a marked influence on the performance of such metathesis catalysts [2] . We have described a pyridine dicarboxamide pathway to chelate pincer ligand Ru-carbene systems (2) . These systems were disappointing with regard to catalysis, but showed some interesting stereochemical features [3] . Our synthesis followed conventional preparative pathways [4] (Scheme 1): Reaction of (PPh 3 ) 3 RuCl 2 with the dianionic ligand system 1 (employed as the dipotassium salt), followed by treatment with phenyldiazomethane resulted in the forma- Scheme 1. 0932-0776 / 07 / 0600-0783 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com tion of 2, formed here as a mixture of two regioisomers, N,N,O-2 and O,N,O-2. Single crystals of each of the isomers were eventually obtained and the pair of products characterized by X-ray crystal structure analyses [3] .
We have now succeeded in preparing related PCy 3 -or NHC-derived pincer ligand [Ru] =CHPh complexes in a more direct way by salt metathesis reaction [5] between the reagent 1 and (PCy 3 ) 2 Cl 2 Ru=CHPh (3a) [6] or (NHC)(PCy 3 )Cl 2 Ru=CHPh (3b) [7] , respectively. Although the resulting complexes were rather sensitive and some of the reactions apparently rather complicated and sometimes unselective, we were able to isolate and characterize a key compound in this series, namely N,N,O-4, and to achieve some information about its O,N,O-4 isomer. In addition, a related Scheme 2. (NHC)-derived system, O,N,O-5, was characterized by X-ray diffraction. Some details of this study are described in the following account.
Results and Discussion
The tridentate chelate ligand system was prepared as described previously [3] by treatment of pyridine-2,6-dicarboxylic acid dichloride with two equivalents of 2,6-diisopropylaniline followed by deprotonation with potassium hydride. Following a series of test reactions under various reaction conditions, we eventually reacted the dipotassium salt 1 with (PCy 3 ) 2 Cl 2 Ru= CHPh (3a) in tetrahydrofuran for 2 d at ambient temperature. Workup including extraction with pentane (as described in the Experimental Section) eventually gave a single brown solid product, isolated in ca. 30 % yield. It was characterized by C,H elemental analysis and by a detailed NMR study. On this basis we have assigned to it the structure of the N,N,O-4 isomer (Scheme 2).
The isolated compound (N,N,O-4) shows a single 31 P NMR resonance at δ = 26. 3 (in [D 6 ]benzene) and a very characteristic carbene =CH(Ph) 1 H NMR signal at δ = 19.45 (d, 3 J P,H = 24.1 Hz, 1H; see for a comparison: N,N,O-2: δ = 18.23 (d, 28.7 Hz) [3] ). The corresponding 13 C NMR carbene carbon signal of N,N,O-4 occurs at δ = 296. 1 (d, 13.6 Hz) . Due to its unsymmetrical coordination mode there are three separate sp 2 -CH resonances of the pyridine residue (δ = 7.82 (d), 7.76 (d), 6.84 (t) , each 1H) with corresponding 13 C NMR features at δ = 125.0, 124.2 and 137.9. NMR features of a pair of non-identical 2,6-diisopropylphenyl substituents are observed. Their typical appearance indicates that both their arene planes are oriented normal to the pyridine-dicarboxyl- ato chelate ligand plane and that rotation around the corresponding N-C vectors is slow on the NMR time scale. This leads to two different axially chiral subunits [9] at the periphery of the central ligand plane and, consequently, we have observed a total of four isopropyl-CH septets for N,N,O-4 (at δ = 3.71/2.51 and 2.83/3.33; cf. the N,N,O-2 reference: δ = 3.54, 3.25, 2.94, 2.31) . The attached isopropyl-methyl groups are in each case pairwise diastereotopic, which leads to the observation of a total of eight isopropyl-CH 3 1 H NMR doublets for N,N,O-4 (δ = 1.55/1.46, 1.12/0.78, and 1.11/0.77, 1.43/1.39). The carboxamido 13 C NMR signals of N,N,O-4 were found at δ = 174.6 and δ = 163.5. The signals of the coordinated PCy 3 ligand were broad and could, therefore, not be located with sufficient accuracy.
Complex N,N,O-4 was characterized by X-ray diffraction (single crystals from pentane). It features an N,N,O-coordination of the tridentate chelate ligand to ruthenium (Fig. 1) . The coordination geometry at the pentacoordinate Ru center is distorted squarepyramidal. The =CHPh carbene ligand forms the apex of the square-pyramidal framework with a Ru-C37 bond length of 1.786(6)Å. The corresponding Ru-C37-C38 angle is rather large at 136.2 (5) • . The phenyl substituent at the carbene carbon atom is oriented toward the pyridine sector.
The chelate ligand at the base of the coordination polyhedron is bonded to Ru through the pyridine nitrogen (N1-Ru: 2.027(5)Å), a carboxamido oxygen (O23-Ru: 2.073(4)Å) and a carboxamido nitrogen atom (N9-Ru: 2.100(4)Å). The C7-N9 linkage of the latter is found at 1.353 (7)Å, and the adjacent C7-O8 bond is short (1.236 (7)Å). The distal O-bonded carboxamido moiety features a short C=N linkage (C22-N24: 1.280(7)Å) adjacent to an elongated C-O bond (C22-O23: 1.322(6)Å). The planes of the 2,6-diisopropylphenyl substituents at both nitrogen centres are oriented close to normal to the mean basal plane (dihedral angles C26-C25-N24-C22: −74. 7(8) • , C11-C10-N9-C7: 88.5 (6) (2) • (N1-Ru-N9), 108.8 (1) • (N9-Ru-P1), and 90.4 (1) • (P1-Ru-O23). The angles of the Ru-C37 (metal-carbene) vector to the base atoms amount to 97.8 (2) 
The chemistry of the more symmetrical O,N,O-4 isomer was also studied, but this compound is more sensitive and its chemistry slightly more complicated.
The O,N,O-4 isomer is much less soluble in pentane and in our typical workup procedure, therefore, it was recovered enriched from the residue after the pentane extraction step. From the reaction of the dipotassium salt 1 with 3a in THF at r. t. we recovered a solid material in ca. 40 % yield that apparently was slightly .85 (t) in a 2 : 1 intensity ratio. Again, the planes of the 2,6-diisopropylphenyl substituents seem to be perpendicular to the major ligand plane. At sufficiently low temperature each of the symmetry-equivalent pairs of 2,6-diisopropylphenyl units at the nitrogen atoms features two separate 1 H NMR isopropyl-CH septets (at δ = 3.42 and δ = 3.05; cf. O,N,O-2: δ = 3.36/3.01 (each broad) [3] ) and two pairs of isopropyl-CH 3 doublets (δ = 1.42 (6H), δ = 1.20 (3H), δ = 0.95 (3H)) due to the resulting elements of axial chirality. Again, the 1 H NMR resonances of the PCy 3 ligand are broad, probably due to exchange. The O,N,O-4 complex is thermolabile, it rearranged within several hours at ambient temperature in [D 6 ]benzene solution to yield the corresponding N,N,O-4 isomer (Fig. 2) .
We were able to get an X-ray crystal structure analysis of a closely related chelate pincer ruthenium carbene complex which was formed by the related salt metathesis reaction starting from 3b (Scheme 3). In this case we treated the (NHC)(PCy 3 )Cl 2 Ru=CHPh Scheme 3. carbene complex (3b) with the "dianionic" reagent 1 in THF for 2 d at reflux temperature. After workup we isolated single crystals of the complex O,N,O-5 from a pentane solution. So far, the compound in our hands was too sensitive to be fully characterized in solution.
Complex O,N,O-5 features a distorted squarepyramidal coordination geometry around the ruthenium metal center (Fig. 3) . The tridentate pyridine-2,6-dicarboxamido ligand and the NHC ligand occupy the four base positions, and the =CHPh carbene ligand resides in the apical coordination position. The sum of the bond angles at the base is 355.1 • . As expected, the O8/O23-Ru-N1 angles within the pincer moiety are slightly smaller (78.1 (1) • /78.4(1) • ) than the adjacent O8/O23-Ru-C44 angles to the NHC carbene ligand (99.7(1) • /98.9(1) • ). The Ru-O8/O23 bond lengths amount to 2.047(2)Å/2.058(2)Å and the Ru-N1 bond to the pyridine moiety inside the close to C s -symmetric framework is 2.011(3)Å long. The carboxamido units both feature long C-O and short C=N bonds (C7-O8: 1.321(4)Å/C22-O23: 1.330(4)Å; C7-N9: 1.280(4)Å/C22-N24: 1.271(4)Å). The bond between the ruthenium center and the NHC ligand is relatively long (Ru-C44: 2.044(4)Å), whereas the apical =CHPh carbene ligand features a much shorter Ru-C37 linkage (1.823 (3) The plane of the NHC ligand is oriented close to perpendicular to the mean basal plane of the complex (dihedral angles O8-Ru-C44-N48: 114.6(4) • , O23-Ru-C44-N45: 90.6(3)
• , C37-Ru-C44-N48: 14.1 (5) • ). The planes of the 2,6-diisopropylphenyl substituents at the nitrogen atoms N9/N24 are oriented almost normal to their respective carboxamido planes (dihedral angles O8-C7-N9-C10: −4.2 (5) • , C7-N9-C10-C11: 118.7(4) • ; O23-C22-N24-C25: 3.9(5) • , C22-N24-C25-C26: 85.6(4) • ). In the solid state this conformational arrangement makes these aryl-carboxamido units axially chiral. In the crystal these two chiral units feature opposite configurations with both 2,6-diisopropylphenyl groups oriented syn relative to the [Ru]=CHPh apex: complex O,N,O-5 features a mesotype structure in the solid state (although not imposed by crystallographic symmetry). Scheme 4. In our hands these carbene complexes and/or some of the reaction intermediates proved to be surprisingly hydrolysis sensitive and prone to give side reactions. This is illustrated by the example of the reaction of Cl 2 (PCy 3 ) 2 Ru=CHPh with 1 in THF at ambient temperature. From the second pentane extract we isolated single crystals of an unexpected product (6) that turned out to be a molecular mixture of the N-benzylated ligand system admixed in a 1 : 1 ratio with its mono-potassium salt (Scheme 4). It appears that the =CHPh ligand at the ruthenium atom had at some stage attacked the pyridine-biscarboxamido ligand and formed a new C-N bond. Such ligand attachments to carbene ligands had previously been observed in other cases [10] , but are relatively rare. A view of the molecular structure of 6 is shown in Fig. 4 . It features a mono-anionic ligand that contains a delocalized carboxamido unit (C7-N9: 1.302(4)Å, C7-O8: 1.269(4)Å) and a N-benzylsubstituted neutral carboxamide unit at the opposite end of the molecular entity (C22-N24: 1.357(4)Å, C22-O23: 1.225(4)Å). In addition, there is a neutral component of the same composition, but protonated (C57-N59: 1.329(5)Å, C57-O58: 1.222(4)Å, C72-N74: 1.341(5)Å, C72-O73: 1.233(4)Å). In 6 the potassium ion is coordinated to the chelate pincer moiety of the anionic ligand (lig 1-Bn − ) through both oxygen atoms and the pyridine nitrogen atoms (K-O8: 2.729(2)Å, K-O23: 2.791(3)Å, K-N1: 2.833(3)Å), to O8(#1) of the neighboring (lig 1-Bn − #1) (K-O8#1: 2.662(2)Å) and to O73 of the neutral ligand (lig 1-Bn) (K-O73: 2.581(3)Å). There are four relatively close contacts of (K#1) + to the 2,6-diisopropylphenyl group at N9 (K#1···C10: 3.384(3)Å, K#1···C14: 3.516(5)Å, K#1···C15: 3.337(9)Å, K#1···C21: 3.396(6)Å). The distance between the potassium atoms is large (K··· K#1: 4.123(2)Å). The coordination geometry of K + in 6 can be described as very strongly distorted square-pyramidal. The monoanionic O,N,O-chelate pincer system plus O8#1 of the next ligand (lig 1-Bn #1) form the basis (sum of bonding angles 360.1 • ) with O73 being located at the apical position (bond angles O73-K-O8#1: 93.2 (1) • , O73-K-O8: 86.5 (1) • , O73-K-N1: 79.6 (1) • , O73-K-O23: 94.0(1) • ) (Fig. 5 ).
Some Conclusions
This study has shown that ruthenium carbene complexes with chelate pincer ligands on the basis of the tridentate pyridine-2,6-dicarboxamido ligand can be obtained by treatment of either Cl 2 (PCy 3 ) 2 Ru=CHPh (3a) or Cl 2 (NHC)(PCy 3 )Ru=CHPh (3b) with the corresponding dianionic ligand system 1. The products show interesting structural and stereochemical features. However, the reaction is considerably more complex than anticipated. We had previously proposed that complex O,N,O-4 is obtained from the reaction of 1 with 3a in dichloromethane [3] . This erroneous assignment has now been revised by the description of our recent results in the present account. The salt metathesis pathway turned out to be solvent dependent, and the nature of the products also seems to depend strongly on the specific conditions. From our observations it can generally be assumed that two coordination modes of the tridentate ligand prevail. Although a detailed mechanistic study must be awaited, it seems that a rather reactive O,N,O-complex is formed under specific conditions which subsequently is transformed to more stable products characterized by the less symmetric N,N,Ocoordination mode. So far, the new examples of the pincer carbene complexes proved unreactive in olefin metathesis experiments using 1,7-octadiene, leading only to isomerization of the substrate at elevated temperatures.
Experimental Section
All reactions with organometallic compounds were carried out under argon using Schlenk-type glassware or a glovebox. Solvents were dried under argon prior to use. The complexes 3a and 3b were used as purchased. The ligand system 1 was prepared as previously described [3] . Data sets were collected with Nonius KappaCCD diffractometers, in case of Mo radiation equipped with a rotating anode generator. Programs used: data collection COLLECT [11] , data reduction DENZO-SMN [12] , absorption correction SORTAV [13] and DENZO [14] , structure solution SHELXS-97 [15] , structure refinement SHELXL-97 [16] , molecular graphics SCHAKAL [17] .
CCDC 633063, 633064 and 634451 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request /cif.
Reaction of 1 with 3a, preparation of N,N,O-4
The reagents 1 × 2 THF (480 mg, 0.68 mmol), 3a (558 mg, 0.68 mmol) and PCy 3 (189 mg, 0.68 mmol) were mixed in a glove box. The mixture was cooled to −78 • C and then THF (20 mL) was added through a septum via syringe. The mixture was allowed to warm to r. t. and then stirred for 2 d. Solvent was removed from the red-brown mixture in vacuo and the residue extracted several times with pentane (total volume ∼ 50 mL). The combined pentane extracts were kept at 0 7.82 (d), 7.76 (d), 6.84 (t) 
Preparation of O,N,O-4 for NMR experiments
The reagents 1 (250 mg, 0.44 mmol) and 3a (369 mg, 0.44 mmol) were mixed in THF (50 mL) at r. t. and stirred for 2 d. Volatiles were removed in vacuo and the residue triturated with pentane overnight at r. t. The crude material was collected by filtration and the trituration with pentane was repeated twice to give a brown amorphous solid after filtration and drying in vacuo, which may still have contained some KCl; yield 183 mg (ca. 40 %). Extraction of small samples of this material with [D 6 ]benzene (or with [D 2 ]dichloromethane) gave solutions of clean O,N,O-4 which were used for the NMR spectroscopic characterization. 1 
